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iterative mapping with in silico baiting using the following reference plastomes, P. 234 vietnamensis (KP036470) and P. stipuleanatus (KX247147). 235
Inverted repeats and ambiguous portions of the assembly were resequenced using 236 Sanger sequencing. Specific primers were designed and used for DNA amplification of 237 interest regions. PCR was performed on a Mastercycler ® Pro (Eppendorf, USA) in a 20 µl 238 final volume containing 2.5 µM of each primer, 1 mM of each dNTP, 10X DreamTaq Buffer, 239 0.75 U DreamTaq DNA polymerase (ThermoFisher Scientific, USA) and deionized water. 240
The PCR cycling conditions included a sample denaturation step at 94 o C for 2 minutes 241 followed by 35 cycles of denaturation at 94 °C for 30 seconds, primer annealing at 50-55 °C 242 for 30 seconds and primer extension at 72 °C for 1 minute, followed by a final extension step 243 at 72 °C for 5 minutes. PCR products were then purified using GeneJET PCR Purification Kit 244 (ThermoFisher Scientific, USA). Sanger sequencing was performed on an ABI 3500 Genetic 245
Analyzer system using BigDye Terminator v3.1 Cycle Sequencing Kit. Cycle sequencing was 246 performed on a Veriti Thermal Cycler (Applied Biosystems, USA) using 3.2 µM of each 247 primer, 200 ng purified PCR product, 5X BigDye Sequencing Buffer, 2.5X Ready Reaction 248 Premix and deionized water in a 20 µl final volume. The thermocycling conditions included 1 249 minute at 96 °C followed by 25 cycles of denaturation at 96 °C for 1 minute, primer annealing 250 at 50 °C for 5 seconds and primer extension at 60 °C for 4 minutes, followed by a holding 251 step at 4 °C. Extension products were purified using ethanol/EDTA precipitation with 5 µl of 252 EDTA 125 mM, 60 µl of absolute ethanol. Purified products were denatured at 95 °C for 5 253 minutes using 10 µl Hi-Di Formamide. DNA electrophoresis was performed in 80 cm × 50 µ 254 capillary with POP-4 polymer (Applied Biosystems, USA). 255 In order to test the efficacy of the NEBNext Microbiome DNA Enrichment Kit the 256 proportion of reads belonging to the plastome was estimated for both the methylated and the 257 non-methylated fraction. The P. ginseng whole genome sequencing SRR19873 experiment 258 13 Maximum Likelihood (ML) and Bayesian inference. First, an un-partitioned phylogenetic 284 analysis was performed to estimate a single nucleotide substitution model and branch length 285 parameters for all characters. Next, the data was partitioned in coding regions, introns and 286 intergenic spacers, and a best-fit partitioning scheme for the combined dataset was determined 287 using PartitionFinder version 2.1.1 [104] using the Bayesian Information Criterion. Branch 288 lengths were linked across partitions. 289
The dataset was analyzed using RAxML version 8.2.10 [105] and mrBayes version 290 3.2.6 [106] . RAxML and Bayesian searches used the partition model determined by 291
PartitionFinder. For the ML analyses, tree searches and bootstrapping were conducted 292 simultaneously with 1000 bootstrap replicates. Bayesian analysis were started using a random 293 starting tree and were run for a total of 10 million generations, sampling every 1000 294 generations. Four Markov runs were conducted with 8 chains per run. We used AWTY to 295 assess the convergence of the analyses [107] . Conflicting data within ML and Bayesian 296 analyses were visualized and explored using the R package phangorn using the consensusNet 297 function [108] . 298 299 Barcoding -mPTP 300 Suitable barcoding markers were selected by extracting the SNP density over the 301 plastid genome alignment of all Panax species and individuals included in this study (matrix 302 available as supplementary data on OSF). We used SNP-sites version 2.3.2 [109] to extract 303 the SNP positions from the alignment of a matrix containing only the Panax species, and 304 created bins every 800 bp using Bedtools version 2.26.0 [110] (script available on OSF) and 305 plotted the SNP density using Circos [103] (Fig. 1) . The coordinates of each annotation on the 306 aligned Panax species matrix were found using a reference consisting of the four annotated 307 genomes produced in this study, and subsequently exported to Circos. We selected the most 308 15
The success of the fragment size selection was relatively poor for one of the P. vietnamensis. 334 and resulted in a poorer quality in the sequencing and enrichment due to the excessive 335 abundance of short DNA fragments. The shorter reads for P. vietnamensis. yielded a lower 336 coverage for its genome assembly (16.9 X) ( Table 1) . 337
The enrichment and depletion of methylated DNA by pulling down a methyl-CpG-enriched 338 fraction and leaving a methyl-depleted fraction drastically increased the proportion of 339 organellar DNA within the depleted fraction. P. ginseng SRR experimental data had 5.63% 340 plastid genome reads. In the methylation-depleted fraction, we found a variation of plastome 341 reads ranging from 6% to 33%. In the methylation-enriched fraction, less than 1% of the reads 342 are from the plastome. The enrichment also increased microbiome contamination in the 343 depleted fraction from 0.8% to 4%. Overall, one of the P. vietnamensis samples was the least 344 successful sample in the enrichment and yielded fewer and shorter reads. 345 346
Phylogenetic analyses 347
Alignment of the plastid genomes for phylogenetic analyses were consistent in length 348 throughout the dataset. Based on the alignment, average plastome pairwise identity for the 349 Araliaceae family is 83% and 99.2% for the Panax clade. The percentage of identical sites is 350 83.9% and 96.8% respectively. The global plastome alignment has a matrix length of 163 499 351 bp. Coding regions, introns and intergenic spacers represented 259 original partition schemes, 352 and the best-fit partitioning scheme from PartitionFinder divided the data into 73 partitions 353 (Table 3) . 354
Inspection of the posterior probabilities calculated using AWTY, yielded an estimated 355 burnin of 10% for the Bayesian analysis. Phylogenetic analyses revealed significant 356 divergence between major clades of the Araliaceae family. The ML and Bayesian trees 357 showed strongly supported clades for all genera of the family (Fig. 3) . Furthermore, the tree 358 17 The SNP density analyses retrieved 2,052 SNPs over the full plastid alignment. We 383 identified three regions (Figs. 1, 5) that are suitable barcoding markers. Each of these regions 384 has on average of 83 SNPs within Panax (Fig. 5 ). Individual marker phylogenies of these 385 regions are suitable to segregate most of the species clades (supplementary material S7-S11). 386
The exceptions are the two sister pairs, P. quinquefolius and P. ginseng, and P. binnatifidus 387 and P. stipuleatus, where the bootstrap supports are weaker, leading to inference of single 388 clades. The ML phylogeny of the concatenated markers, fully supports all species clades, 389 except P. binnatifidus and P. stipuleatus (Figs. 5, S14) . 390
In the mPTP analysis for the full plastid dataset, the Average Support Value (ASV) 391 assesses the congruence of support values with the ML delimitation. The analyses return an 392 ASV of 97.9%, suggesting a high confidence for the given species delimitation scheme. 393
Species delimitation recognized 21 distinct entities out of 20 species (Fig. S6 ). Over-394 representation and intraspecific variation of the P. ginseng samples has resulted in 395 oversplitting this clade into two discrete entities. The P. stipuleatus / P. binnatifidus clade has 396 lower data structure and the analyses does not strongly support the group as two independent 397 mPTP entities (PP = 0.68). P. quinquefolius has been also divided into two subgroups, but the 398 posterior probability of the subdivision is low (PP = 0.4). 399
The result of mPTP analyses for all previously used and the newly proposed markers 400 are described in Figure 5 and the supported nodes for the speciation events have been added 401 to the phylogenetic tree (supplementary material S7-S11). Out of the 15 analysed markers 402 only four can be used to discriminate most species. Figure 5 also shows that regions with the 403 highest density of parsimony informative sites are not necessarily the most efficient for 404 species discrimination, and both skewed aggregated mutations as well as homoplasy can 405 obscure phylogenetic patterns. 406 19 clade consisting of P. quinquefolius, P. ginseng and P. japonicus [20, 38, 41, 112] . The 433 plastome phylogeny supports a sister-relationship of P. ginseng and P. quinquefolius, the two 434 economically most important species of ginseng. Although this full plastome phylogeny 435 significantly differs from previously published molecular phylogenies, the new evolutionary 436 pattern is strongly supported by bootstrap values and posterior probabilities. 437 438
Incongruence between markers from different origin 439
Full length plastid genome data are a major improvement for the Panax phylogeny, 440 and the addition of a bigger dataset has a strong influence on the phylogenetic hypothesis. 441
However, discrepancies between full-length plastid genome phylogenies and nrDNA 442 phylogenies are common in plants. nrDNA has been widely used for phylogenetic studies of 443
Panax [19, 38, 41, 46] , but the limitations of this approach have been extensively reviewed in 444 [113] . Drawbacks of nrDNA include difficulties in aligning, and its limited use for 445 phylogenetic inference between closely related and/or recently diverged taxa. It is also a 446 challenge to determine the orthology and the paralogy of nrDNA sequences in the case of 447 hybridization events or incomplete lineage sorting [114] [115] [116] . Bailey et al. [114] emphasise 448 that despite valuable phylogenetic information from nrDNA, it might not the optimal choice 449 to assess species trees, especially in case of allopolyploids or tetrapolypoids. Since this is also 450 the case in Panax, we argue that nrDNA may be inappropriate to reconstruct the evolutionary 451 history of this genus. 452
Phylogenetic congruence as well as incongruence of nuclear genomic and plastid 453 marker data is well documented [117] [118] [119] . In the case of Panax, two of the nuclear markers 454 used by [20] support the clade of P. ginseng and P. quinquefolius (Z14, Z8). However, our 455 topology is incongruent for the remaining clades. Incongruences between the maternally 456 inherited plastid genome and the biparentally inherited nuclear genes can be expected in 457 genera with allopolyploid hybrids, like Panax [20] . Plastid phylogenies are not always 458 representative of the species tree and might conflict with hypotheses of parsimonious 459 morphological evolution [116, 120, 121] The novel method based on methylation-based enrichment increased the concentration 465 of plastid DNA by 30% which is in the range found by a previous pilot study [84] . It is a 466 suitable method for enriching the organellar genome before sequencing. The methylated 467 fraction shows extremely low amounts of organellar DNA, meaning that we removed more 468 than 99% of the non-methylated DNA from the total DNA. The P. vietnamensis sample had 469 originally more degraded DNA and as a result shows a less successful enrichment. Using 470 MBD2 to increase the concentration of organellar DNA in the total DNA allows multiplexing 471 a larger number of samples. This method is appropriate for building plastid reference genome 472 databases for barcoding projects. In case of degraded samples, we recommend removal of 473 shorter DNA fragments before the enrichment. 474
475

Selecting markers for molecular Panax identification 476
In DNA barcoding and plant product identification and authentication projects it is 477 common to work with degraded DNA substrates for which it might be difficult to use 478 methylation enrichment or the full plastid genome as a barcoding strategy. However, 479 alternatives such as target enrichment and amplicon sequencing are possible [64, [123] [124] [125] . 480
Here we have identified four variable regions that possess sufficient variation and genetic 481 structure to discriminate most ginseng species. The identification of ginseng species is 21 relatively complex because of the recent evolution and hybridization events. P. ginseng and P 483 quinquefolius have recently diverged plastid genomes, and so do P. binnatifidus and P. 484 stipuleatus [47] . Species delimitation using mPTP shows that for such species complexes 485 traditional barcoding markers do not have enough structure for delimiting species. However, 486 if carefully selected, some regions highlight specific structural patterns that enable the 487 discrimination of species. The trnC-rps16 region seems to be particularly promising, as it has 488 enough variation to discriminate most species (Fig. S6 ). If plastid markers are to be used for 489 barcoding, it is more relevant to use a combination of markers because mPTP analyses are 490 better suited for multi-marker analyses [32] . A concatenated matrix with two, three or four 491 markers combined improves the efficacy in segregating all the Panax species and specifically 492 also those in closely related complexes. Our results suggest that a combination of the 493 following markers: trnC-rps16, trnE-trnM and psbM-trnD ( In order to design accurate markers to monitor the trade of the medicinal species, it is 498 necessary to understand the evolution of the targeted group. Many studies are based on the 499 generic barcodes suggested by iBOL (rbcL and matK) without having strong evidence for the 500 evolutionary hypotheses of the targeted group and a limited idea a fortiori of the 501 discriminatory power of the used markers. Nonetheless, when a barcoding study targets a 502 specific plant group or genus, and the barcode markers fail to yield a supported phylogeny, 503 then one should aim to construct robust phylogenies with new markers to achieve species 504 discrimination. If the phylogenetic hypothesis is not robust, or if the data are weak in structure 505 as it is often the case with the standard barcoding markers, rbcL and matK, the resulting 506 identifications might be misleading because of inaccurate species delimitation hypotheses 507 [31] . 508
The addition of genomic data for the phylogeny of The raw sequence data from the P. bipinnatifidus, P. stipuleanatus, and P. vietnamensis 542 samples have been to submitted to GenBank on the following accessions: SRR5725242, 543 SRR5725240, SRR5725505, SRR5725492, SRR5738925, SRR5738922, SRR5738920, 544 SRR5738920, SRR5738927.The DNA matrix used for the phylogenomic analyses are 545 available on Open Science Framework, (doi: 10.17605/OSF.IO/Z7RWE). The plastome 546 sequences of P. bipinnatifidus, P. stipuleanatus, and P. vietnamensis (2) have been submitted 547 to NCBI GenBank, (MF377620, MF377621, MF377622, MF377623 . 610 Aralia undulata (2) Eleutherococcus senticosus (2) Dendropanax dentiger (2) Kalopanax septemlobus (2) Aralia elata (1)
Panax quinquefolius (3)
Panax notoginseng (5) Panax stipuleanatus (2)
Panax bipinnatifidus (2)
Panax ginseng (18) Dendropanax morbifer (2) Schefflera heptaphylla (2) Schefflera delavayi (2) Panax japonicus (2) Fatsia japonica (2) Panax vietnamensis (6) Brassaiopsis hainla (2) Metapanax delavayi (2) Hydrocotyle verticillata ( 
